Synthesis, Characterization and Catalytic Properties of Supported Vanadium Oxide Catalysts by CHINTHALA, PRAVEEN KUMAR
	Abstract   The aim of the thesis was to develop a new kind of catalysts for the ammoxidation of toluene to benzonitrile and to characterize the catalysts by various methods to understand the structure of surface vanadium oxide and its relation to catalytic properties. The physico-chemical characterization of vanadia catalysts supported on various single oxides and binary oxides like ZrO 2, ZrO 2-Al 2O 3, ZrO 2-TiO 2, Nb 2O 5, Nb 2O 5-TiO 2, SiO 2 and SiO 2-TiO 2 have been investigated. These catalysts were found to be highly active in the ammoxidation of toluene to benzonitrile reaction. This investigation also established a simple, versatile and inexpensive oxygen chemisorption method for measuring the dispersion of vanadium oxide catalysts supported on the above metal oxides. The effect of support and loading of vanadia on the nature of dispersed phase has been studied. The following is the summary of results obtained in the studies on physico-chemical properties of catalysts with V 2O 5 loadings from 2 to 20 wt% by various characterization techniques and their activity in ammoxidation of toluene. The catalyst supports like ZrO 2, ZrO 2-Al 2O 3, ZrO 2-TiO 2, Nb 2O 5-TiO 2, SiO 2-TiO 2 were synthesized by co-precipitation method and vanadia supported catalysts were prepared by wet impregnation method. The catalysts were characterized by several spectroscopic and adsorption techniques like X-ray diffraction (XRD), oxygen chemisorption, scanning electron microscopy (SEM), electron spin resonance (ESR) spectroscopy, UV-Visible diffused reflectance spectroscopy, X-ray photoelectron spectroscopy (XPS), temperature-programmed reduction (TPR), temperature-programmed desorption (TPD) of ammonia, BET surface area and pore size distribution measurements. The dispersion of vanadium oxide was determined by pulse oxygen chemisorption method. A down flow fixed bed reactor made of Pyrex glass was used to evaluate the catalysts for ammoxidation of toluene. For a given series of catalysts the BET surface area decreases with increase in vanadia loading due to pore blockage of the support surface by the deposition of vanadia. Pore size distribution results support these findings. Binary oxides such as ZrO 2-Al 2O 3, ZrO 2-TiO 2 and SiO 2-TiO 2 synthesized by the co-precipitation method are found to be X-ray amorphous, whereas ZrO 2 shows the presence of monoclinic phase, Nb 2O 5 shows TT and T phases and Nb 2O 5-TiO 2 shows TT, T and anatase titania phases. The XRD results of vanadia supported catalysts gives an idea of dispersion of vanadium oxide species on the surface of the supports. In all the series of catalysts vanadia is observed to be in highly dispersed state at lower loadings (below monolayer) and at higher loadings presence of V 2O 5 crystallites are detected. The XRD results of V 2O 5/Nb 2O 5 catalysts reveal the formation of a new phase, b-(Nb,V) 2O 5, by the interaction of V 2O 5 with Nb 2O 5 surface. Dispersion of vanadia was measured at 643 K by dynamic method oxygen chemisorption on the samples prereduced at the same temperature. At lower loadings, vanadia is found to be present in a highly dispersed state and the dispersion decreases steadily with increase in vanadia loadings. In all the series of catalysts the oxygen uptakes continuously increases with increase in vanadia loadings up to monolayer and did not increase much at higher loadings due to agglomeration of vanadium oxide. These findings are further supported by XPS and SEM results. The dispersion on silica support is very poor due to weak interaction between vanadia and silica whereas vanadia is highly dispersed on Nb 2O 5-TiO 2 as well as on ZrO 2-Al 2O 3. ESR spectra obtained under ambient have shown the presence of V4+ ions in axial symmetry conditions for all catalysts. The intensity of ESR signals decreases gradually with increase in vanadia loading. This might be due to the formation of crystallites of vanadia (i.e. spin-spin coupling). X-ray photoelectron spectra reveals that vanadium is present as V5+ in all the series of fresh samples. The binding energy for V 2p 3/2 in all vanadia supported catalysts was 517 ? 1.2 eV. The atomic ratios of vanadium with the support metal atoms indicates that vanadia is highly dispersed at lower loadings and levels off at higher loadings, which may be due to agglomeration of vanadia above monolayer loadings. The XPS results are thus in agreement with XRD, oxygen chemisorption and ESR results. The TPR profile of pure V 2O 5 is exhibits multiple reduction peaks. However, the vanadia supported catalysts exhibited only a single reduction peak. It should be noted that the level of impurities as well as the method of preparation of vanadia plays an important role in determining the reducibility of vanadia, which probably causes the differences seen in the degree of reduction. The partial pressure of hydrogen used would also affect the degree of reduction. The lower temperature (<773K) peaks are related to the reduction of surface dispersed vanadium oxide species and higher temperature (>773K) peaks are due to the reduction of bulk crystalline vanadium oxide species. In all the series of catalysts, with increase in vanadia loading there was a shift in reduction peaks to higher temperatures. The shift in T red suggests that reducibility of vanadia decreases with increase in vanadia loading on the support. The UV-Vis DRS spectroscopic technique is used to study the changes in the coordination geometry/lignads of surface vanadium oxide cations on various supports. UV-Vis DRS spectra showed the presence of isolated monomeric species with V5+ ions in tetrahedral (Td) coordination, clusterized oligomeric species, forming chains or bidimensional patches on the support surface at lower loadings. The two dimensional and three-dimensional patches of V 2O 5 crystallites in octahedral coordination at higher vanadia loadings have also been observed. Ammonia TPD results of vanadia supported catalysts have shown that the amount of desorbed ammonia increases with increase in vanadia loading up to monolayer loading and levels off or decreases at higher vanadia loadings. The acid sites are assumed to be located at the V-O-support and V-OH-support groups. It is well known that the combination of two oxides generates acid sites on the surface. The acidity generation is caused by an excess of a negative or positive charge in a model structure of a binary oxide related to the coordination of a positive element and a negative element. It has been reported that Bronsted acid sites, which are not present on the pure support, are formed by the addition of V 2O 5 to support. The rate of toluene ammoxidation is found to increase with increase in vanadia loading up to monolayer loadings and levels off at higher loadings due to agglomeration of vanadium oxide. However, the selectivity to benzonitrile formation was independent of vanadia loading. Benzene was a by-product in this reaction. Traces of carbon oxides were also observed. The acidity and oxygen chemisorption measurements further support the ammoxidation activity results. It is well known that monolayer vanadia supported catalysts exhibit much better catalytic activity than other supported catalysts. The following table shows the comparison of various vanadia supported catalysts. The catalytic activity was measured under similar experimental conditions for all the catalysts. It is evident from Table 1 that most of the binary oxide supported vanadia catalysts show better catalytic activity during the ammoxidation of toluene to benzonitrile. 
















Table 1: Comparison of catalytic activities of single and binary oxide supported monolayer vanadium oxide catalysts 
Support Monolayer V 2O 5loading, Wt% % Conversion % Selectivity Rate x 106 (moles sec-1 g-1) % Dispersion - Pure V 2O 5 40 72 2.1 - ZrO 2 7.5 80 89 4.2 65 SiO 2 7.5 20 81 1.0 51 Al 2O 3 10 70 86 3.65 58 TiO 2 6 67 91 3.49 70 Nb 2O 5 6 81 93 4.23 66 ZrO 2-Al 2O 3 12.5 94 92 4.9 71 ZrO 2-TiO 2 7.5 88 82 4.59 54 SiO 2-TiO 2 7.5 86 80 4.48 65 Nb 2O 5-TiO 2 5.0 85 90 4.43 80 

Conclusions Important conclusions drawn from the present work are: 1. Oxygen chemisorption at 643 K on the samples prereduced at the same temperature provides a better method for determining the vanadia dispersion in supported catalysts for the supports like ZrO 2, ZrO 2-Al 2O 3, ZrO 2-TiO 2, Nb 2O 5, Nb 2O 5-TiO 2, SiO 2 and SiO 2-TiO 2. 2. The dispersion of vanadia depends on the nature of the support. From the results it can be concluded that the dispersion decreases in the order: Nb 2O 5-TiO 2> ZrO 2-Al 2O 3 ~ TiO 2 > Nb 2O 5 ~ SiO 2-TiO 2 ~ ZrO 2 >Al 2O 3 > ZrO 2-TiO 2 > SiO 2. 3. The results of X-ray photoelectron spectroscopy and oxygen chemisorption results of the catalysts are in good agreement with each other. XPS results indicated the presence of V5+ in all the catalysts and did not show any reducible species. 4. It is concluded from TPR results that the reducibility of V 2O 5 supported on various oxides is different from that of pure V 2O 5. The reducibility of vanadia depends on the nature of support, and the interaction between support and vanadia. The reducibility was found to decrease with increase in vanadia loading. It may be noted that bulk V 2O 5 reduces at higher temperature (965-1067 K) than supported vanadia catalysts (693-959 K) due to bulk diffusion limitations. 5. ESR spectra of all the catalysts obtained under ambient conditions showed the presence of V4+ ions in axial symmetry. A well-resolved hyperfinesplitting (hfs) at lower loadings indicates that vanadia is highly dispersed at lower loadings. SEM and ESR results are further supported by XRD and oxygen chemisorption results. 6. UV-Vis diffused reflectance spectra of the catalysts showed the presence of isolated and clusterized tetrahedral (Td) V5+ species at lower loadings and octahedral V5+ species at higher vanadia loadings. 7. The TPD of NH 3 results shows that the acidity of the catalysts is found to increase with the increase of V 2O 5 loading up to monolayer coverage and levels off at higher vanadia loadings. These findings are in good agreement with the catalytic properties. 8. The physico-chemical characteristics determined by various spectroscopic and adsorption techniques are complimentary and clearly exhibit the interaction between vanadia and support. 9. For V 2O 5/Nb 2O 5 catalysts, vanadia is present in highly dispersed form at lower loadings, where as at higher vanadia loadings the mixed oxide b-(Nb, V) 2O 5 is formed. V 2O 5/Nb 2O 5-TiO 2 catalysts for the first time are reported with various characterization techniques. 10. The rates were calculated based on the activity measurements which follows the trend V 2O 5/ZrO 2-Al 2O 3>V 2O 5/ZrO 2-TiO 2>V 2O 5/SiO 2-TiO 2 ~V 2O 5/Nb 2O 5-TiO 2 >V 2O 5/Nb 2O 5 ~ V 2O 5/ZrO 2 >V 2O 5/Al 2O 3 ~ V 2O 5/TiO 2 >V 2O 5/SiO 2 


